The interaction between transformation and prophages of HPlcl, S2, and a defective phage of Haemophilus influenzae has been investigated by measurement of (i) the effect of prophage on transformation frequency and (ii) the effect of transformation on phage induction. When a transformable cell has been lysogenized, transformation frequencies may be altered. For example, lysoRgenic streptococci cannot be made highly competent, as measured by irreversible deoxyribonucleic acid (DNA) uptake (16), with the result that transformation frequencies are low relative to those of nonlysogenic cultures. Lysogenic Bacillus subtilis, on the other hand, retains its ability to be made competent (28) but shows decreased transformation (17, 29), although transfection is hardly affected and may even be increased (28).
The interaction between transformation and prophages of HPlcl, S2, and a defective phage of Haemophilus influenzae has been investigated by measurement of (i) the effect of prophage on transformation frequency and (ii) the effect of transformation on phage induction. The presence of any of the prophages does not appreciably alter transformation frequencies in various Rec+ and Recstrains. However, exposure of competent lysogens to transforming deoxyribonucleic acid (DNA) may induce phage but only in Rec+ strains, which are able to integrate transforming DNA into their genome. Transformation of Rec+ lysogens with DNA irradiated with ultraviolet (UV) light causes the production of even more phage than results from unirradiated DNA, but this indirect UV induction is not as effective as direct induction by UV irradiation of lysogens. Both types of UV induction are influenced by the repair capacity of the host. Wild-type cells contain a prophage and can be induced by transformation to produce a defective phage, which kills a small fraction of the cells. Defective phage in wild-type cells are also induced by H. parainfluenzae DNA, and a much larger fraction of the cells is killed. Strain BC200, which is highly transformable but is not inducible for defective phage, is not killed by H. parainfluenzae DNA, suggesting that wild-type cells are killed by this DNA because of phage induction. A minicellproducing mutant, LB1 1, has been isolated. Some phage induction occurs in this strain when the cells are made competent, unlike the wild type. A large majority of LB11 cells surviving the competence regime are killed by exposure to transforming DNA. When a transformable cell has been lysogenized, transformation frequencies may be altered. For example, lysoRgenic streptococci cannot be made highly competent, as measured by irreversible deoxyribonucleic acid (DNA) uptake (16) , with the result that transformation frequencies are low relative to those of nonlysogenic cultures. Lysogenic Bacillus subtilis, on the other hand, retains its ability to be made competent (28) but shows decreased transformation (17, 29) , although transfection is hardly affected and may even be increased (28 (11) can be induced by transformation to produce phage particles. Since transformable strains of these two microorganisms contain defective phage (13, 18, 24) , it is of interest to determine whether transformation can also induce these phages.
In the present work we have investigated the following: (i) the effect of lysogeny on transformation, (ii) the relative effectiveness of direct induction by ultraviolet (UV) irradiation of lysogens and indirect induction by exposure of competent lysogens to UV-irradiated and unirradiated transforming DNA, (iii) the production of defective phage after homospecific and heterospecific transformation, and (iv) the properties of a newly isolated mutant containing an inducible defective prophage that is superinducible by transformation. (20) , streptomycin transformants were selected and screened individually for transforming ability. Six recl isolates were obtained from a total of 120 streptomycin-resistant colonies tested. Strain LB11 is a slightly UV-sensitive mutant isolated by previously described methods (21) from a thymine-requiring derivative of Rd (3) resistant to streptomycin, novobiocin, and viomycin after mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine. Phages HP1c1 (12) and S2 (7) were obtained from W. Harm and J. W. Bendler, respectively. Phage techniques were given previously (10) . Strains carrying prophages of HPlc1 or S2 were isolated from phage plaques. Subcultures of single-colony isolates were tested for immunity to the phage by plating cells with the phage, for spontaneous phage production by plating cells with a sensitive lawn, and for abortive lysogeny by plating cells to form a lawn. Isolates were considered to be true lysogens only when they were immune to the phage, showed spontaneous phage release as haloes on a sensitive lawn, and showed no evidence of plaques as a lawn of cells.
Transformation. Transformation was carried out with cells made competent in MIV medium (25) . Rec+ strains were plated after 30 min incubation with DNA, and transformants were assayed by overlaying the plates with agar containing appropriate antibiotics after 2 h of incubation of the plates. Rec-strains were grown several hours in broth after exposure to DNA and then plated directly in antibiotic-containing agar, 1 ml of cells on each of 10 to 20 plates. The total number of viable cells always was measured by plating cells without antibiotics. Genetic markers in transforming DNA conferred resistance to streptomycin (200 Ag/ml), novobiocin (2.5 Ag/ml), and erythromycin (10 Ag/ml).
Determination of lysogenization. Phage and cells were mixed at equal concentrations (about 5 x 108/ml), incubated for 15 min, diluted, and plated on the surface of poured plates. Colonies were picked and the cells were grown and tested for lysogeny as described above.
UV irradiation of cells and transforming DNA. The procedure was as previously described (21) .
Phage production after UV irradiation of lysogens. Exponentially growing lysogenic cells (between 104 and 105 cells/ml) were irradiated in M9 salts as described previously (21) , diluted to between 103 and 104/ml in growth medium, and incubated for 2.5 h at 37 C. The mixture of cells and phage was centrifuged at about 5,000 rpm for 5 min, and the supernatant fluid was titered for phage.
Phage production after transformation. After exposure of competent lysogens to DNA, the mixture was diluted a factor of 106 in growth medium, incubated for 2.5 h, and centrifuged, and phage in the supernatant fluid was assayed.
Electron microscopy. Samples were dialyzed overnight against 0.1 M ammonium acetate, pH 7.0, and mixed with an equal volume of 1% phosphotungstic acid in the ammonium acetate solution. Micro-droplets of samples were sprayed onto carbon-coated parlodion films (27) supported on 300-mesh copper grids and made hydrophylic by glow discharge. After drying, the grids were examined in a Siemens Elmiskop I electron microscope, and micrographs of microdroplets were taken at random at a magnification of x 4,000.
Optical density. The optical density was measured at 675 nm with a Bausch and Lomb Spectronic 20 spectrophotometer.
RESULTS
Effect of prophage on transformation. Table 1 is a summary of transformation data obtained with various Rec+ and Rec-strains of H. influenzae, some of which carry HPlcl or S2 prophage. There are no obvious correlations between transformation frequency and the presence or absence of prophage. Furthermore, although strain BC200 contains no prophage inducible by UV (2) or mitomycin C (8), it appears to be transformed with a frequency similar to that of strain Rd, which does contain an inducible prophage. (The data of Table 1 were obtained over a period of about 2 Lysogenization and induction. The recl strain, DB117, which is not inducible by UV or mitomycin C when it carries HPlcl prophage (9, 20) , is lysogenized as readily as wild type. (Of 30 Rd and 28 DB117 surviving colonies tested after exposure of cells to phage, 9 and 10, respectively, were prophage bearing.) The spontaneous release of phage from lysogenic DB117 is about two orders of magnitude lower than that from wild type (9) . All the other strains used in this study are readily lysogenized with HPlcl and S2, are inducible with mitomycin C, and show spontaneous phage release similar to that of wild type.
Lysogens can be induced by UV either directly or indirectly. Direct UV induction is defined as production of phage resulting from irradiation of lysogenic cells. Figure 1 shows a dose-response curve for direct induction of HPlcl phage in two types of lysogenic cells, aEach line on the table represents a different set of competent cells. DNA concentration was 1 gg/ml. wild type and DB112, a strain which is unable to excise pyrimidine dimers from its own DNA and is deficient in repair of phage DNA (21, 22) . With both strains, the number of phage produced goes to a maximum and then decreases. After low UV doses, phage yield increases more rapidly in DB112 (a dose of 5 ergs/mm2 increases the yield by more than a factor of 10 in DB112, whereas a dose three times higher is necessary to increase the yield by a factor of 10 in wild-type cells). Thus the wild-type cell's functional excision mechanism decreases the induction response at low UV doses. At higher UV doses, phage production is reduced, the rate of reduction being much greater in the repairdeficient DB112. This difference is probably not the result of greater loss of capacity of the irradiated DB112 lysogen to produce phage, since nonlysogenic DB112 irradiated before phage infection is more resistant to loss of capacity than strain Rd (19) . Instead we conclude that the observed decrease in phage production after larger doses results from UV lesions in the prophage itself, some of which are repaired in the wild type but not in DB112.
Indirect UV induction occurs when irradiated transforming DNA is introduced into the lysogenic cells of some strains, as shown in a plot of phage released versus UV dose to the transforming DNA (Fig. 2) . As in the case of direct induction, the phage released from wild-type cells reaches a maximum and then decreases. However, the effect is much smaller than that of direct induction in wild-type cells, since the maximal increase in phage released is less than a factor of 2, as opposed to the maximal increase of almost two orders of magnitude observed after irradiatior of the lysogenic cells (Fig. 1) . 105 by about a factor of 5 (Fig. 2) . We consider this release to be due to integration of the transforming DNA, since there is no release as a result of introducing transforming DNA into the recl and rec2 strains (Fig. 2) , which take up, but do 104-4l not integrate, the DNA (6, 14) . Induction of defective phage by transformation. Strain Rd is known to carry an inducible prophage (8, 24) . The phage produced apparently is defective in attachment to cells, which could account for the fact that there is no known host (8) . Two observations suggest that this phage might be induced by transformation: (i) phage HPlcl is induced to some extent by integration of transforming DNA, as we showed in the previous section; (ii) Steinhart and Herriott (26) reported killing of 11 to 24% of highly competent strain Rd by homologous DNA, although it was pointed out that this effect is close to the limit of detectability.
We have approached the problem indirectly by reexamining the possible lethal effects of homologous transforming DNA, and directly by electron microscopy of competent cells exposed to transforming DNA and incubated in growth medium for several hours to permit the development of any phage that might be induced.
We concluded earlier (4) that killing by homologous DNA was not reproducibly detectable. Fig. 4 . We conclude that it is Fig. 4 were examined for each determination of defective phage. possible to account for the killing by homologous DNA of H. influenzae carrying an inducible defective prophage in terms of induction of the phage in a small fraction of the population, and that BC200 is not killed by transformation because it does not contain an inducible phage.
Steinhart and Herriott (26) observed that a portion of a culture of competent Rd exposed to H. parainfluenzae DNA lyses 70 to 80 min after addition of growth medium to the cells. To investigate whether this could be the result of production of defective phage rather than the previously postulated synthesis of incompatible macromolecules coded for by integrated H. parainfluenzae DNA (5, 26), we have measured the relative effect of H. parainfluenzae DNA on strains Rd, DB116, and BC200 (Table 4 ). These data indicate that the strain which contains no inducible prophage, BC200, is immune to killing by H. parainfluenzae DNA, suggesting that strain Rd is killed by this DNA because the DNA causes excessive induction of defective phage. We are currently attempting by electron microscopy to measure quantitatively the production of defective phage by strain Rd in response to H. influenzae and H. parainfluenzae DNA in order to determine whether more phage are produced as a result of exposure to the nonhomologous DNA.
Behavior of a mutant superinducible by homologous DNA. Strain LB11 was isolated as a slightly UV-sensitive mutant (Fig. 5) and is a minicell-producing strain, to be described in detail in a subsequent publication. It has the additional interesting property that a large fraction of a competent population is killed after exposure to transforming DNA (Table 5) . Furthermore, making the cells competent induces defective phage, as judged by electron microscope observations after 2 h of growth, although no phage were observed in cultures at the peak of competence. This is in accord with the fact that the control viable cell counts of Table 5 are considerably lower than those for strains Rd, DB116, and BC200 (Tables 2 and 4 ). Figure 6a shows the effect of exposure of BC200 may or may not contain some defective phage genes. We have observed that labeled defective phage DNA from Rd hybridizes about 20% as well to BC200 DNA as to Rd DNA, possibly due to some (noninducible) prophage material in BC200 or to some bacterial DNA inside the defective phage of Rd (8) .
The superinducibility of defective phage in strain LB11 may or may not result from the same mutation as the membrane defect responsible for minicell formation. Genetic studies of LB11 should answer this question. Preliminary results indicate that the superinducibility is not due to a mutation in the defective prophage itself, since an S2 lysogen of LB11 is also superinducible.
